T.A.) 15 and kohji@md.okayama-u.ac.jp (K.T.). 16 2 ABSTRACT 1 Dynamin is a mechanochemical GTPase essential for membrane fission during clathrin 2 mediated endocytosis. Dynamin forms washer ring-shaped/helical complexes at the neck of 3 clathrin-coated pits and their structural changes coupled with GTP hydrolysis drive membrane 4
3 clathrin-coated pits and their structural changes coupled with GTP hydrolysis drive membrane 4 fission. Dynamin and its binding protein amphiphysin cooperatively regulates membrane 5 remodeling during fission, but its precise mechanism remains elusive. In this study, we analyze 6 structural changes of dynamin-amphiphysin complexes during membrane fission using electron 7 microscopy (EM) and high-speed atomic force microscopy (HS-AFM). Interestingly, HS-AFM 8 analyses show that the dynamin-amphiphysin rings are rearranged to form clusters upon GTP 9 hydrolysis and membrane constriction occurs at protein-uncoated regions flanking the clusters. 
25
In this study, we analyze dynamics of dynamin-amphiphysin ring complexes using a novel 26 approach combining EM and HS-AFM. Firstly, we show that the dynamin-amphiphysin rings 27 are rearranged to form clusters upon GTP hydrolysis, and membrane constriction occurs at 28 protein-uncoated regions between the clusters. Secondly, we reveal that GTP hydrolysis is 29 required and sufficient for the cluster formation by dynamin-amphiphysin complexes by EM 30 analyses. Finally, we show a novel function of amphiphysin in controlling cluster size, which in 31 turn regulates biogenesis of endocytic vesicles. These findings provide new insights into the 32 mechanism of membrane constriction and fission by dynamin-amphiphysin complexes.
RESULTS

1
GTP hydrolysis is required and sufficient for membrane constriction by dynamin-amphiphysin
To elucidate the mechanisms of dynamin-mediated membrane fission, we reconstituted the 4 minimum system in vitro and analyzed the time course of its structural changes using EM.
5
Human dynamin 1 and amphiphysin were purified (Supplementary Figure S1A to membrane fission is not created. In the present study, we showed that membrane constriction 21 sites are created in the presence of GDP and vanadate, which mimicked a transition state of 22 GTP hydrolysis (GDP⋅Pi), suggesting that complete hydrolysis of GTP is required for the 23 formation of constriction sites leading to membrane fission ( Figure 1B) . Membrane fission has 24 never been observed in the presence of GDP and vanadate, suggesting that release of GTP 25 hydrolytic products (GDP and/or phosphate) is a prerequisite for membrane fission. Further 26 analyses will more precisely reveal which intermediate state in the GTPase reaction is 27 responsible for the membrane fission or how many GTPase cycles are required for it.
28
In this study, we revealed that dynamin-amphiphysin ring complexes are rearranged to form and centrifuged at 261,000 × g for 30 min at 4 ℃ and cleared lysate was recovered in 32 supernatant. To the cleared lysate, 1/100 culture volume (1 ml in bed volume) of Glutathione Sepharose 4B Beads (GE Healthcare) was added and they are mixed using rotating mixer for 1h 1 at 4℃. The beads were washed with the Elution/Wash 300 buffer for 5 times in a repeated cycle 2 of centrifugation at 420 × g for 5 min at 4 ℃ followed by mixing with rotator for 5 min at 4℃. 
